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Edited by Ulf-Ingo Flu¨ggeAbstract Flavonoid 3 0-hydroxylase (F3 0H) and ﬂavonoid 3 0,5 0-
hydroxylase (F3 05 0H) are cytochrome P450 enzymes and
determine the B-ring hydroxylation pattern of ﬂavonoids by
introducing hydroxyl groups at the 3 0- or the 3 0- and 5 0-position,
respectively. Sequence identity between F3 0H and F3 05 0H is gen-
erally low since their divergence took place early in the evolution
of higher plants. However, in the Asteraceae the family-speciﬁc
evolution of an F3 05 0H from an F3 0H precursor occurred, and
consequently sequence identity is substantially higher. We used
this phenomenon for alignment studies, in order to identify re-
gions which could be involved in determining substrate speciﬁcity
and functionality. Subsequent construction and expression of chi-
meric genes indicated that substrate speciﬁcity of F3 0H and
F3 05 0H is determined near the N-terminal end and the functional
diﬀerence between these two enzymes near the C-terminal end.
The impact on function of individual amino acids located in sub-
strate recognition site 6 (SRS6) was further tested by site-direc-
ted mutagenesis. Most interestingly, a conservative Thr to Ser
exchange at position 487 conferred additional 5 0-hydroxylation
activity to recombinant Gerbera hybrida F3 0H, whereas the re-
verse substitution transformed recombinant Osteospermum hyb-
rida F3 05 0H into an F3 0H with low remaining 5 0-hydroxylation
activity. Since the physicochemical properties of Thr and
Ser are highly similar, the diﬀerence in size appears to be the
main factor contributing to functional diﬀerence. The results
further suggest that relatively few amino acids exchanges were
required for the evolutionary extension of 3 0- to 3 0,5 0-hydroxyl-
ation activity.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Flavonoids are a ubiquitous group of plant secondary
metabolites [1,2]. Flavonoid 3 0-hydroxylase (F3 0H) and ﬂavo-
noid 3 0,5 0-hydroxylase (F3 05 0H) play a key role in ﬂavonoid
biosynthesis since they determine the B-ring hydroxylationAbbreviations: Ap, apigenin; DHK, dihydrokaempferol; ERI, eri-
odictyol; F3 0H, ﬂavonoid 3 0-hydroxylase; F3 05 0H, ﬂavonoid 3 0,50-
hydroxylase; NAR, naringenin; P450, cytochrome P450; PHF, penta-
hydroxyﬂavanone
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doi:10.1016/j.febslet.2007.06.045pattern by introducing hydroxyl groups at the 3 0- or the 3 0-
and 5 0-position, respectively (Fig. 1). The ﬂavanone naringenin
and the dihydroﬂavonol dihydrokaempferol are regarded as
main substrates of F3 0H and F3 05 0H and are converted into
the 3 0,4 0-hydroxylated eriodictyol and dihydroquercetin,
respectively, by F3 0H and into the 3 0,4 0,5 0-hydroxylated penta-
hydroxyﬂavanone and dihydromyricetin, respectively, by
F3 05 0H (Fig. 1).
F3 0H and F3 05 0H belong to the subfamilies CYP75B and
CYP75A, respectively, of the superfamily of cytochrome
P450-dependent monooxygenases (P450). P450 enzymes are
highly diverse and versatile and occur abundantly in all organ-
isms, with the highest proliferation in plants [3–6]. They re-
quire molecular oxygen and NADPH as cofactors and
normally are membrane-bound in eukaryotes. Though pri-
mary sequences are highly divergent, elements of secondary
structure and tertiary structure are remarkably conserved [7].
Gotoh described six ‘‘substrate recognition sites’’ (SRSs) sup-
posed to be involved in substrate contacting and orientation
towards the catalytic centre [8].
More than 80 sequences of F3 0Hs and F3 05 0Hs are so far
available in public databases but no information concerning
the molecular basis of the functional diﬀerence. Since the
divergence of F3 0H and F3 05 0H occurred early in the evolution
of higher plants, amino acid sequences of F3 0Hs and F3 05 0Hs
do not show more than 50% identity [9]. This high degree of
diﬀerence hampers the search for putatively decisive regions.
However, in members of the Asteraceae family, a type of
F3 05 0H was shown to have arisen independently of the other
F3 05 0Hs from an F3 0H precursor [9]. Therefore, this Astera-
ceae-speciﬁc F3 05 0H, represented by so far three isolated se-
quences, has a signiﬁcantly higher similarity to F3 0Hs which
amounts to around 70%. In this report, this fact was used to
identify regions putatively involved in the functional diﬀerence
by multiple alignment studies. Subsequently, construction of
chimeric cDNAs and site-directed mutagenesis were employed
to assess the impact of regions and single amino acids on sub-
strate speciﬁcity and function of F3 0H and F3 05 0H.2. Material and methods
2.1. Multiple alignments
Amino acid sequences were aligned using MultAlin [10]. Each 15 se-
quences of F3 0Hs and F3 05 0Hs and 3 so far isolated F3 05 0H sequences
of the Asteraceae family were used and are listed in the following
including GenBank Accession. F3 0Hs: Arabidopsis thaliana
(AF271651), Callistephus chinensis (AF313488), Gentiana triﬂora
(AB193313), Gerbera hybrida (ABA64468), Glycine max (AF499731),blished by Elsevier B.V. All rights reserved.
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Fig. 1. Reactions catalyzed by F3 0H and F3 05 0H in the ﬂavonoid pathway; R = H: ﬂavanones; R = OH: dihydroﬂavonoles; F3 0H, ﬂavonoid 3 0-
hydroxylase; F3 05 0H, ﬂavonoid 3 0,5 0-hydroxylase.
3430 C. Seitz et al. / FEBS Letters 581 (2007) 3429–3434Hieracium pilosella (DQ319866), Ipomoea nil (AB113264), Lobelia
erinus (BAF49324), Matthiola incana (AF313491), Oryza sativa
(AC021892), Osteospermum hybrida (ABB29899), Pelargonium ·
hortorum (AF315465), Perilla frutescens (AB045593), Petunia hybrida
(AF155332) Torenia hybrida (AB057673); F3 05 0Hs: Campanula medium
(D145909), Catharanthus roseus (CRO011862), Delphinium grandiﬂo-
rum (AY856345), Eustoma grandiﬂorum (EGU72654), Gentiana triﬂora
(D85184), Glycine max (AY117551), Gossypium hirsutum (AY275430),
Nierembergia sp. (AB078514), Petunia hybrida (AY245545), Lycianthes
rantonetti (AF313490), Solanum melongena (X70824), Solanum tubero-
sum (AY675559), Torenia hybrida (AB012925), Vinca major
(AB078781), Verbena hybrida (AY604727); speciﬁc F3 05 0Hs of Astera-
ceae:Callistephus chinensis (AAG49299), Osteospermum hybrida
(ABB43031), Pericallis cruenta (ABB43030).
2.2. Construction of chimeric genes
To generate chimeric constructs consisting of cDNA fragments of
Gerbera hybrida F3 0H and Osteospermum hybrida F3 05 0H, the frag-
ments to be fused were produced in separate PCR reactions using
Pfu DNA polymerase (MBI Fermentas, St. Leon-Rot, Germany).
All primers used are listed in Table 1. The obtained fragments were
mixed in a ratio of 1:1 (around 50 ng each) and subsequently ligated
in a total volume of 20 ll for 10 min in RT using 1 U (Weiss) T4
DNA ligase (MBI Fermentas, St. Leon-Rot, Germany). The diluted
ligation was used as a template for the PCR-mediated ampliﬁcation
of the chimeric product. Proofreading amplicons were cloned into
the yeast expression vector pYES2.1/V5-His-TOPO (Invitrogen, Pais-
ley, UK). Obtained sense constructs were veriﬁed by sequencing using
a commercial supplier (MWG-Biotech AG, Ebersberg, Germany).
Three cDNA fragments of Osteospermum F3 05 0H (OstA, OstB,
OstC) and 4 cDNA fragments of Gerbera F3 0H (GerA, GerB, GerC,
GerD) (Table 1) were generated and fused to following chimeric con-
structs (see also Table 4): GerOst (GerA + OstA), OstGer (OstB +
GerB), GerOst6 (GerC + OstC), OstGerOst6 (OstB + GerD +
OstC).
2.3. Site-directed mutagenesis
Site-directed mutagenesis was performed using the PfuUltrae High
Fidelity Polymerase (Stratagene, Amsterdam, The Netherlends)
according to Stratagene’s quick change II site-directed mutagenesisTable 1
Primers used for chimeric gene construction
Fragment name Corresponding ORF/fragment Primers for frag
Forward
Osteospermum F3 05 0H 1–508 (full length) atggccattatt
OstA 175–508 P-tgtgtgcacc
OstB 1–189 atggccattatt
OstC 479–508 P-aacatggaag
Gerbera F3 0H 1–512 (full length) gtgtaaatgacg
GerA 1–174 gtgtaaatgacg
GerB 189–512 aaactgaggccg
GerC 1–478 gtgtaaatgacg
GerD 189–478 aaactgaggccg
Ost = fragment of Osteospermum hybrida F3 050H; Ger = fragment of Gerberprotocol. The mutants of Gerbera F3 0H and Osteospermum F3 05 0H
to be produced are listed in Table 2 as well as the primers which were
used to introduce the respective mutations into the cDNAs.
2.4. Heterologous expression in yeast
All cDNA constructs to be expressed were transformed into the
yeast strain INVSc 1 (Invitrogen, Paisley, UK). The yeast culture,
the induction of protein synthesis by the addition of galactose and
the disruption of the cell walls was performed using a modiﬁed proto-
col of [11] described in detail in [12]. The cell extract was centrifuged
(12000 · g, 10 min) and the supernatant was incubated on ice with
4 M NaCl (0.15 M ﬁnal concentration) and PEG 4000 (100 mg/ml).
The yeast microsomal fraction was pelleted by centrifugation
(15000 · g, 10 min) and resuspended in TEG buﬀer (50 mM Tris–
HCl, pH 7.5, 1 mM EDTA, 20% glycerol). The aliquots were shock
frozen in liquid nitrogen and stored at 80 C until further use. Pro-
tein quantities were estimated according to [13].
2.5. Enzyme assay and product identiﬁcation by TLC
Enzyme assays were performed as described in detail in [14]. In brief,
10–30 ll of the isolated yeast microsomal fraction were incubated at
30 C for 10–30 min together with 0.03 nmol of [14C]-labelled ﬂavonoid
substrates (76 Bq) from our lab collection, 10 ll of 20 mM NADPH
and 0.1 M Tris–HCl, pH 7.5, in a total volume of 100 ll. The reaction
mixtures were extracted with 500 ll EtOAc. The upper phases were
chromatographed on precoated cellulose plates (Merck, Darmstadt,
Germany) with the following solvent system: CHCl3–HOAc–H2O
(10:9:1). Plates were analyzed using the FUJI BAS 1000 Bioimaging-
Analyzer (Tokyo, Japan).3. Results
3.1. Identiﬁcation of regions putatively involved in the functional
diﬀerence
We aligned the three so far known amino acid sequences of
Asteraceae F3 05 0Hs with 15 F3 0H and 15 F3 05 0H sequences
(Table 3) and inspected the alignment for positions withment ampliﬁcation (5 0–3 0)
Reverse
atgactttactcatgga acagggaatttggtcttaa
gcaaacactttagcacg acagggaatttggtcttaa
atgactttactcatgga P-taatctcatgtctaacatcatccgtgc
aagagtttgggat acaggaatttggtcttaa
cctttaacgctc gaaccatctagaccttagtcgt
cctttaacgctc ttcagtaactgacctaatttcaccgg
ctacgagtcc gaaccatctagaccttagtcgt
cctttaacgctc aagcttctttgggtttaacccta
ctacgagtcc aagcttctttgggtttaacccta
a hybrida F3 0H; P, phosphate rest.
Table 2
Primers used for site-directed mutagenesis
Recombinant protein Substitution Primer (5 0–3 0) Codon exchange
Gerbera hybrida F3 0H Tyr484Phe CTTAATATGGAAGAGGCTTTCGGGTTGACCCTTCAAAG TTAﬁ TTC
Thr487Ser GCTTACGGGCTGAGCCTTCAAAGGGCC ACCﬁ AGC
Tyr484Phe + Thr487Ser ATGGAAGAGGCTTTCGGGTTGAGCCTTCAAAG TTAﬁ TTCACCﬁ AGC
Thr487Ala GGCTTACGGGCTGGCCCTTCAAAGGG GACﬁ GGC
Osteospermum hybrida F3 05 0H Phe484Tyr CTCAACATGGAAGAAGAGTATGGGATAAGCGTTCAAAAG TTTﬁ TAT
Ser487Thr GAAGAGTTTGGGATAACCGTTCAAAAGGCTGAGC AGCﬁ ACC
Phe484Tyr + Ser487Thr GAAGAGTATGGGATAACCGTTCAAAAGGCTGAGC TTTﬁ TAT AGCﬁ ACC
Ser487Ala GAAGAAGAGTTTGGGATAGCCGTTCAAAAGGCTGAGCC AGCﬁ GCC
Only forward primers are shown. Gerbera F3 0H double mutant Tyr484Phe + Thr487Ser is based on the single mutant Tyr484Phe, Osteospermum
F3 05 0H double mutant Phe484Tyr + Ser487Thr is based on the single mutant Phe484Tyr.
Table 3
Identiﬁcation of regions bearing amino acids putatively involved in determining the functionality of F3 0H and F3 05 0H
Position of the AA diﬀerence
(based on the Osteospermum F3050H)
AA(s) at the corresponding position of Corresponding
SRS
Candidate
region
F3 05 0Hs of Asteraceae (n = 3) F3 0Hs (n = 15)
(including F3 0Hs
of Asteraceae and
other families)
F3 05 0Hs of other
families (n = 15)
178 A (3) T (13), V (2) A (15) – 1
180 T (3) A (14), V (1) M (15) – 1
187 D (3) G (15) S (15) – 1
484 F (3) Y (15) F (15) 6 2
487 S (3) T (15) A (15) 6 2
AA, amino acid; SRS, substrate recognition site.
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three speciﬁc Asteraceae F3 05 0Hs, the F3 05 0Hs of other families
and the F3 0Hs or between the speciﬁc F3 05 0Hs of Asteraceae
and of other families and the F3 0Hs. In this way two candidate
regions were identiﬁed, one located near the N-terminal end
containing three suspicious positions, the other one located
near the C-terminal end containing two suspicious positions
(Table 3). The latter region corresponds to a region designated
as substrate recognition site 6 (SRS6), one of the six regions
which are supposed to be involved in substrate recognition
and orientation towards the catalytic centre in P450s [8]. The
N-terminal region is located between SRS1 and SRS2. Espe-
cially SRS4, SRS5 and SRS6 exhibit a high degree of sequence
conservation with 15, 8 and 7 highly conserved amino acids
out of 16, 10 and 10, respectively. Interestingly, the sequence
conservation of these SRS regions extends to related P450 fam-
ilies such as CYP80 (N-methylcoclaurine 3 0-hydroxylase) or
CYP93 (ﬂavone synthase II), too. In contrast, sequence varia-
tion is markedly higher with respect to SRS1, SRS2 and SRS3
with only 50% or less conserved amino acids.
3.2. Construction and expression of chimeric genes
To test if the above identiﬁed regions have an impact on the
function, we constructed chimeric cDNAs by fusing cDNA
fragments of the F3 0H of Gerbera hybrida (GerF3 0H) and the
F3 05 0H of Osteospermum hybrida (OstF3 05 0H) and subse-
quently expressed them heterologously in yeast. The micro-
somal fractions of the yeast cultures were isolated and tested
for hydroxylation activity with [14C]-naringenin (NAR) as a
substrate. The ﬁrst chimeric cDNA was constructed in order
to obtain a hybrid protein, designated as GerOst, containing
the ﬁrst 174 N-terminal AS of the GerF3 0H and the respective
OstF3 05 0H C-terminus bearing the candidate regions 1 and 2
(Table 4). The microsomal fraction showed the expected3 0,5 0-hydroxylation activity which is comparable to OstF3 05 0H.
To test the two candidate regions separately, two further chi-
meras were generated: (i) chimera OstGer containing 190
N-terminal AS of the OstF3 05 0H including candidate region
1 and the respective GerF3 0H C-terminus bearing candidate re-
gion 2 and (ii) chimera GerOst6 consisting of the GerF3 0H
N-terminus containing the candidate region 1 and the 31 C-ter-
minal amino acids of the OstF3 05 0H including candidate re-
gion 2. Microsomal fraction expressing OstGer exhibited
exclusively 3 0-hydroxylation activity. In contrast, chimera Ger-
Ost6 yielded in clear 3 0,5 0-hydroxylation activity. Therefore,
candidate region 2 bearing SRS6 is most likely involved in
determining the function, although the overall hydroxylation
activity was relatively low. Generally, overall activities of chi-
meras are often low, e.g. 15 out 20 chimeras between limonene
3-hydroxylase and limonene 6-hydroxylase, which exhibit a se-
quence identity of approx. 70%, too, did not show any or only
an activity lower than 5% of the wild types [15]. We generated
another chimera, OstGerOst6, by replacing the N-terminus of
GerOst6 by the 190 N-terminal amino acids of OstF3 05 0H, in
order to test whether a higher overall activity requires the
interaction of both candidate regions. Again, the microsomal
fraction exhibited 3 0,5 0-hydroxylation activity but the speciﬁc
activity was not higher than that of GerOst6 (Table 5).
Moreover, we assessed substrate speciﬁcity of microsomal
fractions expressing OstF3 05 0H, GerF3 0H and the chimeras
OstGer and GerOst using NAR, eriodictyol (ERI), apigenin
(Ap) and dihydrokaempferol (DHK) as substrate (Fig. 2).
NAR and DHK are roughly equal substrates for OstF3 05 0H
whereas GerF3 0H exhibits a clear substrate preference for
NAR. NAR is also the best substrate for both chimeras tested.
As found for OstF3 05 0H, DHK is a better substrate than Ap
for OstGer. In contrast, as found for GerF3 0H, Ap appears
to be a better substrate than DHK for GerOst. These results
Table 4
Generation of chimeric F3 0H/F3 05 0H proteins
Protein Primary sequence structure Function Spec. Activity (pkat/mg) 
OstF3’5’H F3’5’H 2.60
GerF3’H F3’H 3.00
GerOst F3’5’H 1.99
OstGer F3’H 0.58
GerOst6 F3’5’H 0.03
OstGerOst6 F3’5’H 0.03-CN-
-CN-
-CN-
-C N-
-CN-
 SRS6 
-CN- 
SRS1 SRS2 SRS4 SRS5
CR 2CR 1
The results are based on at least three independent heterologous expression experiments. CR, candidate region; GerF30H, Gerbera hybrida F3 0H;
OstF305 0H, Osteospermum hybrida F3 050H.
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Interestingly, the 3 0,4 0-hydroxylated ERI is markedly better 5 0-
hydroxylated by GerOst than by OstF3 05 0H. ERI is not at all
5 0-hydroxylated by GerF3 0H and OstGer.
3.3. Site-directed mutagenesis
The results of chimeric gene construction suggested that
amino acids in SRS6 are involved in determining the func-
tional diﬀerence between F3 0H and F3 05 0H. In SRS6, which
consists of 9 amino acids, two positions are noticeable (Table
3). At position 5 of SRS6, all F3 0Hs have a Tyr and all F3 05 0Hs
a Phe. Three positions downstream, we ﬁnd a Thr for all
F3 0Hs, a Ser for all Asteraceae F3 05 0Hs and an Ala for all
F3 05 0Hs of other families. To test the role of these amino acids,
we performed site-directed mutagenesis experiments. The
GerF3 0H cDNA was mutated in order to generate a Tyr to
Phe (Y484F) exchange at position 5 and a Thr to Ser
(T487S) exchange at position 8 of SRS6 as well as a Y484F
and T487S double mutant. The reciprocal exchanges were per-
formed using the OstF3 05 0H cDNA as a template. Further-Table 5
Impact of amino acid substitutions in SRS6 on function
Recombinant protein Substitution Ra
Gerbera hybrida F3 0H Wild type 0:1
Tyr484Phe 0:1
Thr487Ser 1:9
Tyr484Phe + Thr487Ser 1:1
Ser487Ala 1:4
Osteospermum hybrida F3 050H Wild type 1:1
Phe484Tyr 1:1
Ser487Thr 1:5
Phe484Tyr + Ser487Thr 1:3
Ser487Ala 1:1
The results represent mean values of at least four diﬀerent incubations basemore, an Ala residue was established at position 8 of both
GerF3 0H and OstF3 05 0H (T487A and S487A, respectively).
The mutated cDNAs were expressed in yeast and the micro-
somal fractions assayed for hydroxylation activity. Since the
release of 3 0,4 0-hydroxylated intermediates besides 3 0,4 0,5 0-
hydroxylated products is generally observed in F3 05 0H assays
and depends on the assay conditions [14,16], assay conditions
(140 lg and 20 min. incubation at 30 C) were used under
which recombinant OstF3 05 0H exhibits a 1:1 ratio of 3 0,5 0- to
3 0-hydroxylation.
Most interestingly, microsomal fraction expressing the
GerF3 0H T487S mutant exhibited clear 3 0,5 0-hydroxylation
activity with a 1:10 ratio of 3 0,5 0- to 3 0-hydroxylation. The re-
verse substitution reduced 5 0-hydroxylation activity of
OstF3 05 0H 50-fold. Both mutants showed speciﬁc activities
comparable to the wild types. Therefore, one conservative
amino acid exchange can alter function without disturbing
the overall activity and confer additional 5 0-hydroxylation
activity to a F3 0H. Substitution of Thr to Ala enabled
GerF3 0H to perform 3 0,5 0-hydroxylation, too, but the eﬃciencytio of 30,50- to 3 0-hydroxylation Speciﬁc activity (pkat/mg)
3.00
0.02
.5 2.58
1 2.33
4 1.50
2.60
.5 0.94
0 2.63
3 0.53
3 0.94
d on at least two independent enzyme preparations.
Fig. 2. Assessment of substrate speciﬁcity. The activity levels of the
tested proteins with various substrates are indicated relative to
naringenin (NAR). The values are based on at least three independent
incubations. The speciﬁc activities of the proteins are presented in
Table 2. Ap, apigenin; DHK, dihydrokaempferol; ERI, eriodictyol;
Ger, Gerbera hybrida F3 0H, GerOst, chimera between Gerbera F3 0H
and Osteospermum F3 05 0H; OstF3 05 0H, Osteospermum hybrida F3 05 0H;
OstGer, chimera between Osteospermum F3 05 0H and Gerbera F3 0H;
NAR, naringenin.
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T487S mutant. The OstF3 05 0H S487A mutant displayed 13-
fold reduced 5 0-hydroxylation activity under the chosen
conditions compared to the wild type. However, using higher
protein amounts, 5 0-hydroxylation was markedly higher indi-
cating that an Ala residue at position 8 of SRS6 is generally
suitable for 3 0,5 0-hydroxylation.
The GerF3 0H Y484F mutant showed only weak 3 0-hydroxyl-
ation activity with NAR as a substrate. Interestingly, with ERI
as a substrate, the formation of a so far unidentiﬁed product
was observed. We suggest that this could be the result of 2 0-
or 6 0-hydroxylation since the Rf value of the product is only
slightly higher compared to the 3 0,4 0,5 0-hydroxylated PHF.
Formation of this product was not observed with any of the
OstF3 05 0Hmutants or wild type proteins. The GerF3 0H double
mutant Y484F + T487S exhibited a similar 3 0,5 0-hydroxylation
activity than the T487S single mutant with NAR as a
substrate. However, using ERI as a substrate, we observed
the formation of both the unidentiﬁed product and pentahydr-
oxyﬂavanone (PHF) in a ratio of approximately 1:1.
The F484Y mutation reduced 5 0-hydroxylation activity of
the OstF3 05 0H to a relatively low extent. Interestingly, the
F484Y + S487T double mutant exhibited a higher ratio of
3 0,5 0-hydroxylation to 3 0-hydroxylation activity than the
S487T single mutant (1:33 compared to 1:50). We therefore
conclude that Phe may not be indispensable for 5 0-hydroxyl-
ation function but improves overall activity since spec. activi-
ties are reduced 2.8-fold for the single mutant and 4.9-fold for
the double mutant compared to the wild type.4. Discussion
Construction and expression of chimeric genes suggested
that substrate speciﬁcities of F3 0Hs and F3 05 0Hs are deﬁned
near the N-terminal end whereas the functional diﬀerence is
determined near the C-terminal end. These experimental dataclosely correspond to results from homology modelling of four
P450s from Arabidopsis thaliana comprising F3 0H and 3 other
P450s involved in the phenylpropanoid pathway using crystal
structure data of several bacterial and a mammalian P450
[17]. This approach resulted in the prediction that residues of
SRS5, SRS6 and of the C-terminal segment of SRS4 are
involved in contacting the aromatic ring of the respective sub-
strates whereas residues located in SRS1, SRS2 and the N-ter-
minal segment of SRS4 appear to be involved in contacting the
aliphatic part. SRS3 apparently does not play a role in
substrate contacting.
Our site-directed mutagenesis experiments demonstrate that
single amino acid exchanges in SRS6 can alter the function of
F3 0Hs and F3 05 0Hs. There are several reports about partial or
total shifts in the function of P450s induced by one amino acid
substitution, for example in SRS4 or SRS5 of 2-hydroxyisof-
lavanone synthase [18], in SRS6 of a fatty acid hydroxylase
[19] or in SRS6 of limonene 6-hydroxylase [15].
As the C–C bond connecting the B and C rings of ﬂavonoids
allows free rotation, it can be proposed that 3 0,5 0-hydroxyl-
ation occurs as a two-step process, so that rotation of the
B-ring after 3 0-hydroxylation allows the subsequent 5 0-hydrox-
ylation by the F3 05 0H enzyme. Therefore, in contrast to the
F3 0Hs, the spatial catalytic site architecture of a F3 05 0H should
enable rotation and the appropriate adjustment of the B-ring
after 3 0-hydroxylation for the further hydroxylation at the
5 0-position.
Substitution of the typical Thr of F3 0Hs at position 8 of SRS6
with Ala or Ser which are typically present in regular F3 05 0Hs
and in F3 05 0Hs of Asteraceae, respectively, conferred the
F3 0H of Gerbera additional 5 0-hydroxylation activity. Espe-
cially Ser and Thr exhibit a high similarity with regard to their
physicochemical properties which normally allows the substitu-
tion by each other [20]. Therefore, it is likely that the size of the
amino acids plays the decisive role since the size of both Ala and
Ser is approximately 23% smaller than that of Thr.
The substitution of Thr to Ala or to Ser, respectively, may
have been key events in the ancestral F3 0Hs towards the evo-
lution of the F3 05 0Hs and F3 05 0Hs of Asteraceae. Since the ra-
tios of 3 0,5 0- to 3 0-hydroxylated products achievable with the
Thr to Ala and the Thr to Ser substitutions were relatively
low in vitro, further amino acid substitutions appear to be nec-
essary to improve or stabilize the 5 0-hydroxylation in vitro and
possibly in vivo.
To clarify remaining questions further investigations could
use a plant expression system and modelling approaches as
further tools and include F3 0Hs and F3 05 0Hs of other families
than the Asteraceae. To identify amino acids involved in deﬁn-
ing substrate speciﬁcity, sequences of F3 0Hs and F3 05 0Hs with
known substrate speciﬁcities can be used for alignment and
site-directed mutagenesis studies.
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Amino acid alignment comprising sequences of F3‘Hs,
F3‘5‘Hs and Asteraceae F3‘5‘Hs. The alignment was done
using the program MultAlin (Corpet, 1988). The SRS regions
3434 C. Seitz et al. / FEBS Letters 581 (2007) 3429–3434are indicated according to Rupasinghe et al. (2003). AA, ami-
no acid; SRS, substrate recognition site. Supplementary data
associated with this article can be found, in the online version,
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